Abstract: Visible light communications with InGaN-based light-emitting diodes (LEDs) grown on large-diameter (6-inch) and cost-effective Si (111) substrates are investigated experimentally. During epitaxial growth, the transition layers consisted of the step-graded AlGaN buffers incorporated with three low-temperature-grown (∼900°C) AlN interlayers on AlN/Si substrates that are used to compensate for thermally induced tensile stress and to maintain a reasonable crystalline quality of GaN-on-Si LEDs. Strong light absorption from Si can be prevented by fabricating a Si substrate-free InGaN LED with a composite metal coating of Al/Ag/Al multilayer, providing improved adhesive strength and reflectivity comparable to the unitary Ag film. In comparison with GaN-on-Si LEDs, stripping Si substrates combined with the use of a highly reflective bottom mirror (Al/Ag/Al multilayer) reflected a more intense emission pattern corresponding to a 2.2 times (@ 190 mA) increase in light output power in thin-film LEDs. In addition, a 1.8 times (@ 160 mA) increase in optical channel bandwidth is achieved by using thin-film LEDs as optical transmitters. A direct line-of-sight optical link using the proposed thin-film LEDs achieved data transmission rates of up to 100 Mb/s over a distance of 100 cm, indicating that the proposed LEDs have potential for use as optical transmitters in indoor visible light communications.
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Introduction
Group III nitride semiconductors (In x Ga 1−x N alloys) have a direct energy bandgap that is beneficial for the creation of photons through the radiative recombination process, and their emission wavelengths can be tuned to approach the visible range simply by modifying the alloy composition. Currently, these alloys are extensively used as the active media for energy-saving visible light-emitting diodes (LEDs) [1] . Promoting the widespread use of energy-efficient LED luminaires requires replacing insulating sapphire substrates with other materials to facilitate heat dissipation during LED operation while reducing overall production costs. Among available substrates (i.e., sapphire, bulk GaN, and SiC) for the growth of nitride-based semiconductors [2] - [4] , the high thermal conductivity (∼ 150 Wm −1 K −1 ) of Si makes it a promising candidate for mass production of large-size (8-inch) GaN-on-Si LED wafers. Novel optoelectronic devices based upon such an approach, however, require a delicate stress-compensation scheme to suppress tensile thermal stress induced cracks during wafer cooling due to large lattice constant mismatch (∼17%) and thermal expansion mismatch (∼54%) between GaN and Si [5] - [8] . Liou et al. reported that the improvement in crystalline quality of InGaN-based solar cells grown on Si can be achieved by inserting a 0.1-μm-thick layer of SiCN between the n-GaN and the Si substrate [9] . As a result, solar cells fabricated using a 10-pair In 0.32 Ga 0.68 N/GaN multiple-quantum-well (MQW) as an absorption layer and grown on SiCN-Si substrates exhibit a photovoltaic efficiency as high as 5.43%. A hybrid power amplifier composed of an AlGaN/GaN high-electron-mobility transistor and a p-type metaloxide-semiconductor field-effect transistor with a voltage gain of 17 at 3 V supply voltage can also be made from a 4-inch Si (100)/GaN/Si (111) hybrid wafer using Si-compatible bonding technology [10] . Recently, blue-violet InGaN-based laser diodes with continuous-wave lasing characteristics have been proven to be feasible even when grown on Si substrates [11] .
Despite being used as solid-state lighting sources for a variety of applications such as displays, traffic signals and general lighting, etc., these visible LEDs can also be used as optical transmitters in optical wireless links for data communications [12] . Unlike radio-frequency (RF) links, LED-based visible light communications offer several advantages including low system costs, license-free operation, immunity to electromagnetic interference, network security, and high and unregulated bandwidth [12] , [13] . Fahs et al. reported establishing an on-off-keying based optical link with a high-speed laser diode (λ = 680 nm) and a high-sensitivity integrated circuit receiver, allowing for digital signals (a 2 31 − 1 pseudorandom bit sequence) to be transmitted at a rate of up to 2.5 Gb/s over a 12-m distance while maintaining a bit error rate < 10 −3 [14] . In addition to high electricalto-optical modulation bandwidth (∼270 MHz) from GaN-based micro-pixelated LED (μLED) grown on Si substrates, visible light communications using these μLEDs can provide a data transmission rate of up to 400 Mbit/s [15] . This paper experimentally investigates the feasibility of visible light communications with InGaNbased LEDs grown on large-diameter (6-inch) and cost-effective Si (111) substrates using metalorganic vapor phase epitaxy (MOVPE). During epitaxial growth, the transition layers consisted of the step-graded AlGaN buffers incorporated with three low-temperature-grown (∼900°C) AlN interlayers on AlN/Si substrates, used to compensate for thermally induced tensile stress and to maintain a reasonable crystalline quality of GaN-on-Si LEDs. Although Si has good thermal and electrical properties that can help to realize a vertical-conducting InGaN LED, the downward light emitted from the active regions will be absorbed by such dissipative materials and thus cannot contribute to light output. Using wet etching along with wafer-transfer techniques, the completed Si substrate-free LEDs with a bottom reflector (hereinafter thin-film LEDs) can exhibit improved performance as compared to that of the LEDs with the Si substrate. A direct line-of-sight optical link capable of 100 Mbit/s free-space transmissions over 100 cm is accomplished using these thin-film LEDs as optical transmitters.
Experimental
Epiwafers of InGaN LEDs (see Fig. 1 ) were grown on a 6-inch Si (111) substrate using an Aixtron-2800G4 MOVPE system. Trimethylgallium (TMGa) and trimethylindium (TMIn) were used as the group-III sources, while NH 3 was used as the group-V source. Prior to growth, Si wafers were chemically treated with the H 2 SO 4 /H 2 O 2 and buffered-oxide-etch (BOE) solutions to achieve an oxide-free, hydrogen-terminated Si surface. After in-situ high-temperature cleaning at 1050°C in hydrogen gas, a stacked AlN epilayer was grown on Si (111) to act as a nucleation layer and to prevent the direct reaction of Si with Ga at high temperature [16] . The layered AlN epistructures were grown at temperatures of 1150, 900 and 1150°C. Prior to the deposition of a 2-μm-thick Si-doped n-GaN (N d = 5 × 10 18 cm −3 ), a step-graded AlGaN buffer (with Al compositions of about 73%, 37% and 3%) was used as the transition layer between the AlN and GaN. To avoid severe current crowding, the last growth of Al 0.03 Ga 0.97 N buffer was also doped with silicon (N d = 2 × 10 18 cm −3 ). In addition to being used as a decoupling layer to induce a compressive stress in the subsequent growth of (Al)GaN layers, both the growth and the thermally induced tensile stresses can also be controlled by inserting three low-temperature-grown (∼900°C) AlN interlayers into the step-graded AlGaN buffers [5] , [17] . Furthermore, the benefit of using the step-graded AlGaN buffer layers is that the relaxation of accumulated compressive strain can be alleviated as the layer thickness is sufficient to accommodate the material defects [5] , [7] . The active region of GaN-on-Si LEDs was made of a 10-pair InGaN/GaN MQW for 460 nm emission. Afterward, a 25-nm-thick p-Al 0.2 Ga 0.8 N electron blocking layer was incorporated on top of the InGaN MQW region. Deposition of the Mgdoped GaN layer terminated the growth procedure. The residual strain of the as-grown GaN-on-Si LEDs can be clarified by Raman spectroscopy. According to the Raman shift of the GaN E 2 phonon peak (567.7 cm −1 ) with respect to that of the unstrained GaN (567.5 cm −1 ) [18] , the in-plane stress of GaN-on-Si LEDs is calculated to be 0.047 GPa. Through good control of the step-graded AlGaN buffer layers during growth, we can achieve a nearly strain-free GaN-on-Si LED.
The fabrication process of GaN-on-Si LEDs with surface-emitting geometry involves the formation of a 510 × 510 μm 2 indium tin oxide (ITO)-coated mesa, followed by the formation of n contacts on the exposed n-GaN layer and p-contacts on part of the ITO. Finally, the LED wafer thickness was reduced to ∼300 μm using a chemical mechanical polishing machine. To fabricate the thin-film LEDs with a bottom reflector, the completed GaN-on-Si LEDs were bonded to a temporary carrier prior to the removal of the Si substrate by wet chemical etching (HF:HNO 3 = 1:2). Although silver (Ag) has a high reflectance in the visible wavelengths, poor adhesion to III-V semiconductors and the lack of a native passivation layer (i.e., metal oxide like Al 2 O 3 ) limits their use as a bottom reflector for the LEDs [19] . Fig. 2 shows the measured reflectance spectra of a glass plate coated with different metallic films. The normal incidence of light impinges from the back side of the glass. Instead of epitaxial growth of the GaN epilayers on a well-polished sapphire substrate [20] , the benefits of using the glass plates as a template for the metallic films coating include their high transparency in the visible wavelengths and easy availability. The root-mean-square roughness of the glass plates measured by atomic force microscopy (AFM) with a scan area of 100 μm 2 is about 0.375 nm. In the experiment, the adhesion strength of the metallic films can then be roughly tested by using a stick tape (3M Transpore Tape) as they were coated on glass with an extremely smooth surface. Although the reflection coefficients measured from the glass plates coated with a metallic film may deviate from those of the real structures with a metal/(Al)GaN interface, this approach still provides valuable qualitative data for the characterization of the metallic films' reflectivity given the need for good adhesion between the metal film and the underlying template. Fig. 2 shows that Al (5 nm)/Ag (150 nm)/Al (150 nm) multilayer coated on glass can provide a reflectivity comparable to that of the unitary Ag film. Compared with Al film (∼150 nm), the proposed Al/Ag/Al multilayer also provides a higher reflection coefficient in the reflective spectrum over the wavelength range from 400 to 800 nm. In this multilayer structure, the first-coated Al layer functions as an adhesive layer while the last deposition of a thick Al protects the composited films against ambient moisture [21] . In addition, a 92.6% reflectivity measured at λ = 460 nm results from the highly reflective Ag layer due to the deposition of a thin (∼5 nm) Al layer beneath. It should be noted that the adhesion strength between the glass and Al/Ag/Al multilayer decreases given a first-coated Al layer thickness of less than 5 nm. After dicing, the thin-film LEDs fabricated with a bottom reflector (Al/Ag/Al multilayer) were mounted onto the TO-46 headers using Ag paste, and the temporary carrier was removed by dissolving the wax adhesive. TO-packaged GaN-on-Si LEDs were also made for the purpose of comparison. Fig. 3(a) shows a schematic diagram of a completed thin-film LED. Corresponding near-field images of both InGaN LEDs at 140 mA are shown in Fig. 3(b) . Because ITO films have a low sheet resistance (R sh = 20.3 /sq) given by the transfer length method (TLM) [22] , the injected carriers (holes) from the p-contact electrode can spread uniformly over the ITO-coated mesa surface and then recombine radiatively with electrons propagated laterally along the shorter paths of the n-GaN layer with a sheet resistance of 24.5 /sq. As a result, current crowding will occur near the mesa edge of the p-contact for both LEDs. In comparison with GaN-on-Si LEDs, the impact of stripping Si substrates combined with the use of a highly reflective bottom mirror produced a more intense pattern of light emission from the thin-film LEDs. Finally, the completed LEDs without epoxy encapsulation were driven by a Keithley Model 2400 source meter and the corresponding light output power was measured using a calibrated integrating optical sphere sensor (Newport Corp.). Fig. 4(a) shows the XRD omega rocking curves of InGaN LEDs grown on Si substrates measured from the GaN symmetrical (0002) and GaN asymmetrical (1012) planes. The full width at half-maximum (FWHM) values of (0002) and (1012) reflections can be used to roughly estimate the amount of threading dislocations in InGaN LEDs. Using the method reported in [23] , the corresponding screw and edge dislocation density of GaN-on-Si LEDs are calculated to be ∼ 1.4 × 10 8 cm
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and ∼ 1.2 × 10 9 cm −2 , comparable to those of previous findings [24] . In addition, the presence of several well-resolved satellite peaks in the X-ray diffraction pattern (Fig. 4(b) ) together with the high contrast between the InGaN and GaN layers observed from the high-resolution transmission electron microscopy (HRTEM) image (shown in the inset of Fig. 1 ) are a good indicator of structural perfection and sharp interfaces of the InGaN/GaN MQW heterostructures grown on a 6-inch Si substrate. Based upon the HRXRD w-2θ scans of the GaN (0002) and GaN (1012) reflections, the MQW period and the average indium composition is estimated to be about 13.0 nm and 2.5%, respectively, for the GaN-on-Si LEDs [25] . As evaluated from temperature dependence of the photoluminescence (PL) measurements (not shown here), an anomalous optical behavior of "S-shaped" (redshift-blueshift-redshift) variations is observed in peak wavelength of our InGaN LEDs as temperature increased from 20 to 300 K. This is considered to be the result of spatial inhomogeneities of the indium distribution in InGaN MQWs caused by phase separation or spinodal decomposition [26] . Despite many material defects (∼ 10 9 cm −2 ) in the as-grown InGaN LEDs, injected carriers will tend to recombine radiatively at these localized states instead of being captured by nonradiative recombination centers. Fig. 5 shows the light output power and external quantum efficiency versus injection current measured at 300 K for both the GaN-on-Si LED and the thin-film LED. Due to good device-todevice uniformity of the fabricated LEDs, the respective data shown in the figure is taken from one of five test LEDs randomly selected from the same device type. Both the LEDs exhibit a forward voltage of about 2.7 V at a current of 20 mA. In addition, the equivalent series resistance extracted from the current-voltage curve (shown in the inset of Fig. 5 ) is estimated at 5.4 for all fabricated LEDs. This indicates that the Si substrate stripping process has a negligible impact on the electrical properties of thin-film LEDs. As shown in Fig. 5 , the light output power of thin-film LED increases with injection current and reaches a maximum value of 19 mW at 190 mA. The light intensity starts to degrade as operation current exceeds 205 mA. At 190 mA, a 2.2 times increase in light output power is found in the thin-film LEDs. In addition, these LEDs also have a maximum external quantum efficiency of 6.7% at 26 mA. Compared with GaN-on-Si LEDs, however, a higher droop rate in emission efficiency is found in thin-film LEDs operating at elevated current levels. Instead of being absorbed by the Si substrates, downward-emitting photons increasingly escape from the semiconductors due to the integration of the bottom reflector, resulting in improved light output and also consistent with the result of the near-field measurements from the fabricated LEDs, as shown in Fig. 3(b) . LED emission efficiency could be further improved by reducing the threading dislocation density through inserting a SiN interlayer into the underlying GaN buffers grown on Si [27] or epitaxial growth of a modified MQWs with a thin AlGaN interlayer to increase the LED's quantum efficiency [28] . In addition, the LED chips fabricated with an optimized design of the current spreading electrodes can also be mounted epitaxial-side-down to form a flip-chip packaged LED to repair the light output degraded by the current crowding [29] . For InGaN LEDs, the degradation of emission efficiency at high currents is generally known to be associated with Auger nonradiative recombination or insufficient potential barrier height of the polarization unmatched AlGaN EBL to prevent electron leakage [30] . Because both LEDs were made from the same InGaN epi-wafer, the influence of these factors on the efficiency droop is expected to be similar. At high levels of current injection, another factor to reduce the emission efficiency of InGaN LEDs is increased junction temperature resulting in more thermal carriers escaping from the MQWs and thus not contributing to light output [31] . As shown in Fig. 6 , a redshift in emission wavelength was observed in both LEDs as the current injection level increases above 20 mA. As the injection current increased from 20 to 180 mA, the electroluminescence (EL) spectrum for the GaN-on-Si LED exhibits a redshift of 1.1 nm while a relatively large value of 1.8 nm was found in the thin-film LED. As mentioned before, the completed LED chips were all packaged onto the TO headers using Ag paste. Due to the poor thermal conductivity of the Ag paste (2−25 Wm
, the heat generated at the p-n junction of thin-film LEDs can not easily be conducted to the metal can package (TO-46), thus resulting in apparent light output degradation at higher current levels. However, in addition to serving as the growth substrate, Si can also be used to facilitate heat dissipation of InGaN LEDs due to its high thermal conductivity (∼ 150 Wm −1 K −1 ) and specific heat capacity (∼ 700 Jkg −1 K −1 ) [32] . Therefore, at elevated current levels, the influence of joule heating on this device (GaN-on-Si LED) would be rather slight despite the thermal barrier induced by the Ag paste. Further improvement in thermal properties could be achieved by using eutectic AuSi solder (190−285 Wm −1 K −1 ) instead of the Ag paste [33] or using the metal carrier (Cu) as a heat sink [34] .
To improve power efficiency as well as immunity to environmental disturbances such as multipath interference, a directed line-of-sight optical link is preferentially used for the realization of LED-based visible light communications [35] . Fig. 7 shows the experimental setup of the proposed optical communication system. Experimentally, a bias current and nonreturn-to-zero (NRZ) pseudorandom bit sequence (PRBS) generated from an Agilent 81160A pulse function arbitrary noise generator was combined in a bias tee and fed to the TO-packaged LEDs. The collimated light propagation through a given distance (100 cm) in free space is collected by the optical receiver (Pacific AD500-9-400M-TO5) using a light coupling lens (Edmund Optics, 40.0 mm Dia. x 60.0 mm FL uncoated plano-convex lens) and then analyzed by a wide-bandwidth sampling oscilloscope (Agilent 86100A). Taking propagation loss into account, the fabricated thin-film LEDs is preferred in such optical systems due to its enhanced light output as compared to that of GaN-on-Si LEDs.
A similar experimental setup, including the bias tee-driven transmitter, light coupling lens (two plano-convex lenses), optical receiver (Pacific AD500-9-400M-TO5), and the Rohde & Schwarz ZVL network analyzer, was used to investigate the system bandwidth of LED-based visible light communications. Fig. 8 shows the measured frequency response of an optical wireless link with the TO-packaged LEDs operating at different bias currents. The separation distance between the transmitter and the receiver is set at 100 cm. At a bias current (I Bias ) of 160 mA, the 3-dB modulation bandwidth (f 3dB ) of 35.3 MHz achieved as the thin-film LED was used as an optical transmitter, which is higher than that obtained using the GaN-on-Si LED (∼19.7 MHz). In addition, the presence of Joule heating may be responsible for the observation of the limited system bandwidth as both LEDs were operated at elevated current levels. At the receiving terminal, the light intensity is about 5.04 mW at I Bias = 160 mA, as measured by using an optical power meter (Anritsu ML910B) with an optical power sensor (Anritsu MA9411A) located at exactly focusing point of the plano-convex lens, as the thin-film LED was used as an optical transmitter. Therefore, the light coupling efficiency of such a transmission system is roughly estimated as 36.3% provided the original light intensity of the LEDs was obtained from the same optical power meter. The carrier lifetime (τ c ) of the LEDs is known to be correlated with the lifetime of injected carriers ruined through the radiative or nonradiative recombination process and can be described as [36] 
where τ r(nr) denotes the radiative (nonradiative) recombination lifetime. As extracted from the slope of the semi-logarithmic I-V curve, the ideality factor is, respectively, estimated as 2.09 and 2.02 for the GaN-on-Si LED and the thin-film LED. The higher ideality factor (i.e., > 2) in the GaN-based LEDs could be attributed to the defect-assisted tunneling current caused by the structural defects, Mg-H complexes, and impurity-induced vacancies [37] . However, the similar value of the ideality factor in both LEDs provides clear evidence of the nearly identical influence of the material defectrelated nonradiative recombination on carrier lifetime or device performance. In the experiment, all fabricated LEDs not only have the same InGaN/GaN MQW epistructures, but also have identical light-emitting geometries and current injection schemes, as shown in Fig. 3 . Therefore, both LEDs should have a similar lifetime-limited bandwidth because an equal number of carriers (or the current density) will be injected into the MQW active regions to participate in the recombination process as these LEDs were biased at the same currents [38] . However, after light propagation through a given distance (100 cm) in free space, an increase in the optical signal level detected at the receiver can help increase system bandwidth provided a high-power LED (e.g., thin-film LED in this study) was used as the optical transmitter [39] . Fig. 9(a) and (b) , respectively, show the eye diagram measured from the GaN-on-Si LED and the thin-film LED operating at I Bias = 160 mA. Both LED were operated at 100 Mbit/s with a pattern length of 2 7 −1 and a peak-to-peak voltage (V pp ) of 5 V. A clear and good open eye diagram at a data transmission rate of 100 Mbit/s is observed for the thin-film LEDs, while the quality of the eye diagram degrades as the GaN-on-Si LEDs were used as optical transmitters. This is due to a larger optical power from the thin-film LEDs improving the received signal-to-noise ratio of the optical transmission system [39] . As shown in Fig. 9(b) , a directed line-of-sight optical link capable of 100 Mbit/s data transmission over a 100 cm distance in free space is feasible with the proposed thin-film LEDs used as optical transmitters. The performance of LED-based visible light communications could be further improved by using pre-emphasis and AC-coupled modulation technology to achieve high-speed data transmissions [40] .
Conclusion
We demonstrate the fabrication and characterization of InGaN LEDs grown on a Si substrate using MOVPE. With the use of a step-graded AlGaN buffer layer incorporated with three low-temperaturegrown (∼900°C) AlN interlayers to control thermally induced tensile stress, a 5.5-μm-thick crackfree InGaN LED epilayer with reasonable crystalline quality was successfully realized on a 6-inch Si substrate. In these LEDs, HRTEM and XRD analyses also revealed structural perfection in their periodic In 0.14 Ga 0.86 N/GaN MQW active regions emitting at λ = 460 nm. Despite defect formation during LED growth, the occurrence of indium compositional fluctuation in InGaN (confirmed from the temperature dependent PL measurements) facilitates radiative carrier recombination at these localized states. A composite metal coating of Al/Ag/Al multilayer acts as the bottom reflector of the Si substrate-free LEDs, providing improved adhesive strength and comparable reflectivity with respect to the unitary Ag film. In comparison with GaN-on-Si LEDs, the thin-film LEDs provide a more intense pattern of light emission corresponding to a 2.2 times (at 190 mA) increase in light output power. Owing to an increase in received optical power at the receiver, the 3-dB modulation bandwidth of an optical wireless link with the thin-film LEDs is 15.6 MHz higher (i.e., 35.3 versus 19.7 MHz) than that obtained using the GaN-on-Si LEDs. In free-space optical communication experiments with a direct optical link between the transmitter and the receiver, data was successfully transmitted at a rate of 100 Mbit/s over a distance of 100 cm using the proposed thin-film LEDs.
